Abstract. Aiming at investigating ELM pacing for future application on ITER, experiments have been conducted on JET injecting pellets in different plasma configurations, including high confinement regimes with type-I and type-III ELMs, low confinement regimes and ohmically heated plasmas. The magnetic perturbations spectra and the toroidal mode number, n, of triggered events are compared with those of spontaneous ELMs using a wavelet analysis to provide good time resolution of short-lived coherent modes. It is found that -in all these configurations -triggered events have a coherent mode structure, indicating that pellets can trigger an MHD event basically in every background plasma. Two components have been found in the magnetic perturbations induced by pellets, with distinct frequencies and toroidal mode numbers. In high-confinement regimes triggered events have similarities with spontaneous ELMs. Both spontaneous and triggered ELMs are seen to start from low toroidal mode numbers, then the maximum measured n increases up to about 10 within 0.3 ms before the ELM burst. The case of MHD events triggered in L-mode and Ohmic phases is also discussed, including similarities and differences with events triggered during H-mode phases.
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Introduction
The high confinement mode (H-mode) plasma configuration [1] , reproducible in most tokamaks with a poloidal field divertor configuration, is an envisaged scenario for future operations in ITER. The H-mode is often accompanied by the occurrence of instabilities at the plasma edge, so-called Edge Localized Modes (ELMs), which can be responsible for the loss of particles and energy, and the consequent reduction of the energy confinement time up to 20% [2] [3] . Since the energy stored and released by an ELM increases with the tokamak size, it is important for future ITER operations to minimize the damaging effects that ELMs may have on plasma-facing components, by decreasing their amplitude and increasing their repetition rate. One possibility in this direction is the triggering and mitigation of ELMs by pellet injection, already proven successful on the mid-size tokamak ASDEX Upgrade, where, with an appropriate choice of the pellet injection frequency, the repetition rate of ELMs was increased and their amplitude reduced [4] . Aiming at developing a suitable system for ELM pacing with pellets on ITER, experiments with pellet injection were conducted on the larger size tokamak JET with a centrifugal pellet injector [5] and, more recently, with a new highfrequency injector [6] , optimized for pellet pacing. These experiments, run in different configurations, including Neutral Beam Injection (NBI) heated H-mode and L-mode plasmas and Ohmic heated regimes, indicate that pellets can trigger coherent MHD activity, which, in H-mode plasmas, can be identified with ELMs. Nevertheless, a few questions still remain open, such as what is the mechanism by which a pellet triggers an ELM, or whether the properties of triggered ELMs depend on the background plasma parameters or they are rather determined by the pellet mass and velocity. This work addresses the question of how the spectra of magnetic perturbations and the toroidal mode number of pellet-triggered events compare with those of spontaneous ELMs in H-mode plasmas. The analysis of the toroidal mode number spectra is based on wavelets, which provide sufficient time resolution to resolve the evolution of the frequency and toroidal mode number during the short time scales involved. The method, extensively described in [7] [8] , is briefly reviewed in Sec. 3, where appropriate general bibliographic reference to wavelet analysis is also provided. Wavelet analysis was previously applied on JET to magnetic perturbations and compared with Fourier analysis [9] , but never used for mode number analysis of transient events. The experimental setup and the chosen plasma database are introduced in Sec. 2. The spectral features of spontaneous ELMs are compared with those of MHD activity triggered by pellets in H-mode plasmas with compound ELMs (Secs. [4] [5] [6] , in L-mode and Ohmic plasmas (Sec. 7). Finally, conclusions and future directions are addressed in Sec. 8. 
Experimental setup
The database analyzed in the following sections includes two examples from the experimental campaign run on JET during 2003 with the centrifugal type pellet injector [5] , and two examples from recent experiments run on JET with the new gas gun type High Frequency Pellet Injector (HFPI) [6] . The centrifugal system, operated from 1995 to 2003, was able to inject deuterium pellets with mass of 3.8 × 10 21 D and speed in the range of 150-300 m/s. The injection trajectories are displayed in Fig. 1 for the three pellet tracks on the JET poloidal cross-section at Octant 2. Pellets are injected through independent guiding tubes from the top (V), from the inboard (H) and from the outboard (L), the guide tube being chosen through a track selector unit at the exit of the pellet centrifuge. Only the vertical and inboard tracks will be considered in this work. The HFPI system is designed for both fuelling and pacing purposes, although experiments have been performed using the fuelling part. Launching at up to 10 Hz repetition rate and at speeds up to ∼ 200 m/s was performed from the L and the V tracks. Nominal pellet launch masses range from 2.2 to 3.8×10 21 D, although only a fraction of ∼ 60% was delivered to the plasma. Electron density and temperature measurements are provided respectively by a DCN interferometer and by an ECE radiometer, located in Octant 7. The ECE radiation is collected from the low field side, perpendicularly to the magnetic field and along the major radius, with time resolution of 0.5 ms [10] , high enough a value to capture the rapid, large temperature variations associated with pellets and with ELMs. In the rest of the paper, unless otherwise stated, electron temperature is that measured at the top pedestal. The plasma density is integrated along two vertical lines of sight intersecting respectively close to the plasma axis and to the plasma edge, on the low field side, at R 3.8 m. We will refer to these lines of sight as the core densityn c and the edge densityn e . Poloidal magnetic field perturbationsḂ p (t) are measured on JET by sets of Mirnov coils, mounted on the vessel and close to the plasma surface, distributed along the toroidal and poloidal direction. Two groups of such coils have been used for the measurement of spectra presented herein. The first set includes three high resolution tangential coils, located in Octant 8 and distributed poloidally on the inboard side (numbers 1 to 3 in Fig. 1) ; the second is located in Octant 3 and includes both toroidally and poloidally distributed coils on the outboard side, at R = 3.881 m [11] . The toroidal mode numbers have been extracted from the phase shift of magnetic perturbations measured by two of these outboard edge coils, located respectively at z 1 = 1.013 m and z 2 = 1.005 m above the midplane, and with orientation θ = 108.9 degrees between the coil axis and the major radius (coils H302 and H303). The coils are separated by ∆ϕ = 10.17 degrees along the toroidal direction, allowing the measurement of toroidal mode numbers up to |n| = 15. A pair of pickup coils with smaller toroidal separation of 5.63 degrees is also available, allowing the measurement of higher toroidal mode numbers up to |n| = 30 (coils H303 and H304); this pair has a difference of 0.5 degree in the poloidal orientation, so the measured mode number is a combination of the toroidal and of the poloidal component. The effect is negligible during inter-ELM phases and the results from the two pairs of coils coincide in the range of overlapping, for |n| < 15. Conversely, during an ELM, when the toroidal mode number can be large, measurements can be affected by the contribution of the poloidal component, m = nq. Let nφ − mθ indicate the phase of a wave. If, for two probes with coordinates (φ 1 , θ 1 ) and (φ 2 , θ 2 ), it is n(φ 2 − φ 1 ) m(θ 2 − θ 1 ), the contribution from θ into the phase of the wave can be neglected. This condition gives an estimate for the ratio m/n 5.63/0.5 ∼ 11, and for the value of q at which the modes are not affected by ∆θ. The larger effect is expected for modes localized at the edge, where q(95%) = 3 − 4 in H-mode plasmas, a condition typically encountered on JET. The D α emission measured from a telescope on the high field side, indicated in Fig. 1 as pellet monitor, (hereafter D α,P ) is fairly a good measure of the pellet ablation rate dN P /dt, although only the ablation onset of the inboard pellets is covered by the telescope. The D α emission measured in the divertor region (hereafter D α,E ) is instead used as an indication of the occurrence of ELMs. 
Computation of wavelet spectra and extraction of the toroidal mode number
In order to achieve better time resolution in time windows centred on the ELMs, the magnetic perturbation spectra have been computed using a wavelet analysis. Details of the method, as applied to the study of spectral features of ELM precursors on JET and to the extraction of the toroidal mode number of ELMs are provided in [7] [8] . A short summary of the main concepts is given herein for the sake of clarity, referring the reader to the textbook by Mallat [16] for an extensive guide to wavelet analysis and to Ref. [17] for a review of spectral methods applied to the study of MHD and turbulence spectra in plasmas. We have used the Morlet wavelet for the analysis, because of its similarities with Fourier eigenmodes; it is constructed as a sinusoidal wave modulated by a Gaussian function as:
Values of ω 0 = 2π and σ = 1 have been chosen to guarantee that the wavelet energy is localized in time, while keeping a large enough number of oscillations under the gaussian envelope. This compromise allows good frequency resolution of short-lived, coherent modes, necessary conditions to study the evolution of spectra during the fast time scales that characterize an ELM. The Morlet wavelet is well suitable for the study of the spectra of transient events, including the evolution of linear and nonlinear spectral features over time scales comparable with the wave period, as discussed in [7] . The continuous wavelet transform (CWT) of a discrete time series x k , of length N , sampled at the rate δt, is defined as the convolution product of x k with a scaled (t → t/s) and shifted (t → t − τ ) version of ψ(t):
Since the Fourier Transform of a convolution product is the product of the Fourier Transforms of the two series, the CWT can be efficiently computed using the Fast Fourier Transform algorithm [16] [18] . Scales are chosen as s = s 0 a j , where s 0 = 2 is the minimum available scale and, for each value of j, a = 2 −ν provides a refining of scales in each octave (2 j , 2 j+1 ] [16] . In order to isolate the coherent components of magnetic perturbations and the associated toroidal mode numbers during the ELM crash and during the phases that immediately precede the ELM, we have applied a two-point correlation technique [19] , adapted to use wavelet coefficients [20] . After having computed the wavelet coefficients from Eq. (2), the scale-dependent mode number spectrum P (n, s) is reconstructed as follows:
where
is the average of the power spectra measured at time t l = lδt and at positions φ 1 and φ 2 , respectively. For each time step t l , the toroidal mode numbers n l are computed from the phase shift between Mirnov coils divided by their toroidal separation as:
and compared with the reference values ofn = [ −15, 15] . The indicator function I[n l −n], the discrete equivalent of the delta function, is defined as:
Computing (3) is equivalent to constructing a histogram. The bin width, ∆n = 1, is chosen to minimize the variance in the estimate of (3). Since the value of n l (s) is weighted by the power spectral density P l (s), modes with larger amplitude contribute most to the final P (n, s). If, during the time window of length N δt, the phase shift associated with a spectral component at scale s is coherent, this will results in a large amplitude in the plane (n, s). Conversely, incoherent modes will result in low amplitude P (n, s) values. This method has advantages with respect to standard linear fit over a set of toroidal separated coils in those cases where the mode number structures evolves over short time scales and superposition of modes occur, such as the case of ELMs. The drawback is that this is a local estimate of the toroidal mode number.
Pellets injected in H-mode plasmas with natural compound ELMs
To start with, let us analyze two examples from the JET experimental campaign run in 2003. In these experiments pellets are injected in type-I ELMy H-mode plasmas, where mostly compound ELMs occur. Although the pellet injection rate was not optimized for pellet pacing, this scenario represents a clear example of the effectiveness of pellets in triggering an ELM. The results obtained herein will therefore be used as a guide for the interpretation of the spectra measured during more recent experiments, which will be discussed in Sec. 7. Figures 2-3 show the D α,E emission measured in the divertor region, and the background density and electron temperature in the case of H-mode plasmas JPN 59423 and 59424 in the time window of interest. In both pulses the total heating power is constant and equal to about 18.5 MW, well above the threshold power of about 8 MW for the transition into the H-mode regime. Pellets are injected at the rate of f pel = 6 Hz, much lower than the repetition rate of spontaneous ELMs during the pellet-free phase and in similar background plasmas [5] . After a pellet-free phase between 18 s and 19. The injection of a pellet is straightforwardly identified by its effects on the background plasma density. The deposition of the ablated material causes a fast increase of the edge and core density, followed by a decrease over longer time scales, comparable to the transport scales. Similarly, the local, imposed cooling causes a fast drop in the electron temperature T e . Since an ELM causes the degradation of the edge pedestal pressure profile, a drop both in the density and in the temperature occurs over short time scales. Since the density drop associated with an ELM is much lower than the increase that follows the local pellet perturbation, the final, observed effect during a pellet-triggered event is an increase in the edge plasma density. The pellet fuelling impact can therefore be used for monitoring and to separate spontaneous ELMs from triggered events, being the variation ofn e negative in the former and positive in the latter case. From the comparison between the core and the edge line integrated density, it can be inferred, for example, that the ELM detected at t ∼ 21.64 s is not triggered by pellet F (see Fig. 2(c) ). Whereas the core density increases, the density measured at the edge increases only after an initial drop. A similar case is also observed in JPN 59424, and in both cases the delay between the occurrence of the ELM and the time where the pellet enters into the plasma is approximately 2.5 ms. This suggests that the presence of an ETB is a necessary condition for triggering an ELM; those pellets that cross the separatrix too shortly after the occurrence of a spontaneous ELM fail to trigger an ELM themselves, because the pedestal is not restored yet. So-called compound ELMs are observed both in the pellet-free and in the pellet-fuelled phase. Compound ELMs are often observed in JET at low densities [12] ; they exhibit in the D α,E time trace an initial large spike, followed by a series of smaller spikes. It was suggested that compound ELMs consist of a type-I ELM followed by a series of type-III ELMs [12] . Let us forget -for the time being -this classification and refer only to the position of pellet-triggered events in the string of D α,E . All pellet-triggered events in JPN 59424 and most of those in JPN 59423 exhibit large D α,E spikes, followed by smaller spikes. These events will be compared with spontaneous ELMs that are the first event in a compound ELM. Exceptions are represented by pellet B injected from the vertical track and pellet D injected from the inboard track (see Fig. 2 ), which immediately follow the first, spontaneous event in a compound ELMs. The MHD events triggered by these pellets will be compared with the spontaneous events that occupy the same position in a spontaneous compound ELM. Figure 4 shows the Windowed Fourier spectrum and the toroidal mode number spectrum measured by two outer edge pickup coils, acquired with 1 MHz sampling rate (H302-H303). The Fourier coefficients have been calculated over time windows of 2 ms length, with a 50% overlapping between consecutive windows; the corresponding frequency resolution is about 0.5 kHz. A sawtooth precursor with n = 1 is observed at about 8 kHz, and its second harmonic n = 2 at higher frequencies. A Neoclassical Tearing Mode (NTM) with n = 3 is detected at higher frequencies. Broadband MHD activity with frequencies up to 100 kHz, propagating along the electron diamagnetic drift direction is observed during the inter-ELM phases. The convention adopted on JET and herein is that positive values of n correspond to modes propagating along the ion diamagnetic drift direction, while negative values of n are associated with modes propagating along the electron diamagnetic drift direction. activity with negative toroidal mode number is strongly reduced during the pellet-fuelled phase, although coherent modes with short duration can still be detected during the inter-ELM phases. These modes are likely to be Washboard modes (WB) [14] [15]. They are always observed on JET during H-mode plasmas, propagate in the electron drift direction, are localized at the edge and their evolution in frequency follows qualitatively that of the edge electron temperature [14] . In the experiments shown herein, the typical saturation in the WB mode frequency is not observed, most probably because the inter-ELM phase is too short and because the time evolution of temperature is not regular as in the cases studied in Refs. [14] [15].
Spectra of magnetic perturbations of pellet-triggered events
The wavelet spectra of magnetic perturbations of spontaneous ELMs and pellettriggered events are compared in Fig. 5 . The example shows compound ELMs during the pellet-free phase, intermediate between injection from the vertical and inboard track, and two compound ELMs during the time window where pellets are injected from the vertical track (pellets A and B). For graphical representation, the amplitude of wavelet coefficients has been re-normalized to have values bounded in [0, 255] ; the same scale is used for all the plots, but differences in amplitude between different plots do not reflect real differences in the amplitude of magnetic perturbations. Pellet A enters into the plasma approximately 30 ms after a spontaneous ELM and it triggers an MHD that is followed by spontaneous, smaller amplitude events. Pellet B enters into the plasma about 10 ms after the first, spontaneous ELM, it triggers an MHD event that is followed by smaller amplitude events. Apart from a different level in the D α,E emission measured in the divertor region, associated with the first event, no differences among the three compound ELMs can be inferred solely from the D α,E . The MHD event triggered by pellet B looks to be identical to the first, spontaneous event that follows the event triggered by pellet A, suggesting that the pellet does not modify the structure and the evolution of the compound ELM. Coherent modes, with frequency below 0.2 kHz, are detected in the wavelet scalogram in all cases, with lifetime much longer than the duration of the ablation phase and, in the case of spontaneous compound ELMs, they are comparable with the duration of the train. These modes, which are most probably not associated with the pellet, are not discussed in this work. Spontaneous ELMs, such as those that precede pellets A and B, involve modes with frequencies down to 0.2 kHz, with largest amplitude associated with modes in the range of [0.2, 1] kHz. A broadening at large scales is observed in the case of the large amplitude ELM at about 20.35 s, mostly due to the fact that the sampling rate is insufficient to capture the fast growth of this ELM. In fact, as shown in Fig. 6 , where the sampling rate is 250 kHz, all the ELMs in the train exhibit the same, apparent broadening, including those with the smallest amplitude. We can identify at least two differences in the spectra of magnetic perturbations of spontaneous ELMs and pellet-triggered events. First, the magnetic perturbations induced by pellet B in the range of 0.6-2 kHz, have amplitude larger than those associated with spontaneous, small amplitude events in the same train, as shown in the wavelet spectrogram, Fig. 5-(b) . The range of frequencies involved and the lowest measured frequencies are instead comparable. Second, a low amplitude, coherent mode is detected after both events A and B. The frequency of the mode, initially 1 kHz (log 2 (s j ) 12), increases with time. There are two possible interpretations to the observed increase in frequency. One is that the plasma has lost its momentum after the ELM crash and that the rotation at the plasma edge is gradually recovering. The second is the impact of the pellet ablation material, which is inert and at rest with respect to the rotating plasma. The lifetime of the coherent mode is about 10 ms in the case of events A and B and it is 20 ms in the case of event C, much longer than the duration of the ablation phase, which is typically below 2 ms. The toroidal mode number of these modes is n = 1, and a second harmonic has been observed in the case of the longest lived event. Similar coherent modes are detected also after triggered events in JPN 59424, during injection from the vertical track, but no evidence for them is found in the analyzed shots neither during injection from the inboard track nor after spontaneous, compound ELMs and after isolated, type-I ELMs. Since these modes do not intervene in the triggering of ELMs nor they affect the conclusion of our results, they will not be discussed further. . . Figure 6 shows the correlation between magnetic perturbations of pellet-triggered events and the measured emission from the ablation cloud. The case of injection from the inboard track is presented here, because measurements from the pellet monitor are available during this time window. Broadband magnetic perturbations are measured during spontaneous ELMs and during the MHD event triggered by pellet D (see Fig. 6(a) ). In the latter case, detailed in the expanded view (b), frequencies appear to be lower bounded at about 15 kHz and correlated in time with the duration of the ablation phase, as indicated by a comparison with D α,P . The amplitude of magnetic perturbations, integrated over frequencies above 15 kHz, qualitatively follows the time evolution of D α,P . It increases over long time scales and decreases over much shorter time scales. This component, as it will be discussed in Sec. 7, is present also in Ohmic and L-mode plasmas and exhibit a similar evolution in time. This suggests that it is independent of the background plasma, but is directly associated with the pellet perturbation; we will refer to it in the rest of the paper as pMHD. Superposed to the pMHD, a second component is observed, appearing as by a peak between 20.983 and 20.9835 s. As shown in (c), where the integrated spectrum is reported for all the events in the train, the time scales are comparable with those associated with spontaneous ELMs, about 0.3 ms. This component is observed only in H-mode plasmas and has close similarities with spontaneous ELMs that occur in the same plasma, as it will be discussed more in detail in the next section. This suggests that it is not directly associated with the pellet parameters, although it is a consequence of the presence of the pellet in the plasma; we will refer to it as pELM. We note that the integrated spectrum shown in Fig. 6 represents only a portion of the spectrum of the magnetic perturbations induced by the pellet, namely those at the highest frequencies. Differences with spectral components at lower frequencies will be discussed in the next section.
Toroidal mode number spectra of MHD events triggered by pellets
We have analyzed the toroidal mode number spectrum of both the pMHD and the pELM components, for of all pellet triggered events in discharges JPN 59423 and 59424 in the case of injection from the V-track. Since fast acquisition is not available for the outboard coils during the phase of injection from the H-track, the toroidal mode number spectrum has not been analyzed in this case. In all the cases considered herein the toroidal mode number spectra measured during a pELM have been compared with those measured before and after to assess the relative increase of power associated with different components. The scale dependent toroidal mode number spectrum P (n, s) is computed over the time window of interest and normalized to time units for comparison.
Integrating over frequencies provides the total toroidal mode number spectrum P (n) associated with spectral component with frequencies in the range of interest. Figure 7 -(b) shows the toroidal mode number spectrum associated with the pMHD in the case of pellet A (JPN 59423), for spectral components with frequencies between 15 kHz and 250 kHz (4 ≤ log 2 (s j ) < 8). Three time windows are considered here: the first (I) is taken right after the pELM, the others (II-III) during the ablation phase, when the level of magnetic perturbations at high frequency becomes significantly larger than the background fluctuation level. During this phase P (n) is peaked at n = 1, 2 and asymmetric, with spectral width of approximately ∆n = 3. The value of n at which P (n) is maximum and the power spectral width are comparable for all the pellets injected in JPN 59423 and JPN 59424. Qualitatively similar results have been found on ASDEX Upgrade, where it has been measured that the magnetic perturbations of the pMHD also propagate along the ion drift direction, although the toroidal mode number is n = 6 [13] . The spectrum measured right after the pELM is shown for comparison, it is peaked at n = 3 and approximately 100 times lower. Although care has been taken to exclude the NTM frequency during the integration of the spectrum, its effect cannot be completely eliminated for at least two reasons. First, the Morlet wavelet produces spectra smoother and wider than Fourier eigenmodes. Secondly, the NTM frequency drops after a pELM, while the lower limit chosen here for the integration of spectra is constant. Figure 8 shows the case of the pELM triggered by pellet C after f
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pel with respect to the previous pELM; no spontaneous type-I ELMs are detected between the two. The P (n, s), shown in (b), is computed over six time windows of approximately 0.1 ms length. No apparent variation in the toroidal mode number value is observed at low frequencies, during the time window of interest; P (n, s) is peaked at n = 1 − 2 in the range of scales log 2 (s j ) 10 − 14 (frequencies between 0.25 and 4 kHz), and this value does not change. Conversely, variations in the value of n and in the amplitude of magnetic perturbations are measured at higher frequencies. Initially, only modes with lower values of |n| are detected in the P (n, s). Within 0.3 ms before the crash, progressing from phase I to III, new modes with larger |n| appear, with higher amplitude. According to the convention used, these modes propagate along the electron diamagnetic drift direction. A saturation in the maximum value of |n| occurs immediately before the pELM crash, when the amplitude of magnetic perturbation reaches a maximum, then the mode structure is destroyed during the burst. The evolution of the toroidal mode number spectrum P (n), obtained from P (n, s) integrating over scales log 2 (s) = [4, 10] (frequencies between 4 and 250 kHz) and in the same time windows, is shown in Fig. 8-(c) . For comparison, also shown is the spectrum measured approximately 1 ms before the crash. In this time window, where the dominant contribution to the background MHD activity is represented by the NTM, the spectrum is peaked at low, positive toroidal mode numbers, with a maximum at n = 3. The apparent width of the spectrum is mostly due to the gaussian envelope of the Morlet wavelet. A lower amplitude peak is measured in the range of n = [−7, −3], (c) Toroidal mode number spectrum, P (n), obtained integrating P (n, s) over scales log 2 (s j ) = [4, 10] . For comparison it is also shown P (n) computed 1 ms before the pELM crash (top frame).
with maximum at n = −4, likely associated to the WB modes that are present during inter-ELM phases. The power spectral density associated with negative toroidal mode numbers gradually increases, reaching a maximum during the crash, then it rapidly ). (f) Toroidal mode number spectrum, P (n), obtained integrating P (n, s) over scales log 2 (s j ) = [11, 14] , during the time windows indicated in the plot.
decreases back to values comparable with those measured before the crash. At the same time the value of n at which the spectrum is peaked increases in absolute value up to |n| = 6. A similar behaviour has been observed also for the five pellets injected from the vertical track in the time window [19, 20.2] s in JPN 59424. It is observed in these experiments that the power spectrum at negative toroidal mode numbers, in the range of n = [−10, −1] increases immediately before the crash and during the crash, although the value of n at which the power spectrum is peaked may be slightly different for individual events. It was suggested by Perez et al [15] that WB modes may have a regulating effect on the pedestal and a modified peeling-ballooning cycle was proposed to take into account the WB mode phenomenon. It was shown that WB modes may interact with ELM precursors, but it was excluded that can be themselves precursors to the ELMs. The toroidal mode number spectra shown herein do not contradict this picture. For example, should the mode at about n = −4 be a precursor, its amplitude would increase while approaching the ELM; this is not observed. It is instead observed that modes with toroidal mode number low in absolute value are the first to appear, then the value of |n| increases, suggesting an independent origin. Contrary to spectral components with frequency higher than 4 kHz, the toroidal mode number spectrum at frequencies below 4 kHz (scales log 2 (s j ) = [11, 14] ) exhibits a different evolution, as shown in Fig. 9 . The chosen range of frequencies excludes contributions from the NTM and from the sawtooth precursors. Compared with the inter-ELM phase, where P (n) is peaked at n < 0, in a time window centred on the pELM, P (n) is peaked at |n| = 1, 2. The time when P (n) is first observed to peak at n = 1, 2 is comparable to the time when the density at the edge starts rising (see Fig. 9 ). A note is worth at this point on the timescales of high-frequency and low-frequency perturbations shown here and the error bars in the analysis. The scaling factor used in Eq. (2) allows to adjust the time-frequency resolution in the final scalogram. Although the CWT is computed over each time step, the time resolution is determined by the frequency of the mode. This means, for example, that high frequency modes, associated with shorter time scales, can be better localized in time than low frequency modes. For example, the coherent mode at log 2 (s) ∼ 13 in Fig. 8(b) , has an equivalent frequency of 0.5 kHz, which corresponds to a period of 2 ms. This mode cannot therefore be localized in time with a precision better than its period. This should be taken into account when comparing the time scales of background plasma parameters, such as the line integrated density, with the time windows where spectra of low frequency perturbations are computed. Comparing Figs. 8-9 , it can be inferred that the modes with n < 0 -which are first detected during phase I -appear after the low frequency, low n modes shown in Fig. 9 , although the exact delay time cannot be estimated with a precision below 1 ms. Large values of power spectral density at negative toroidal mode numbers have also been measured in the case of the first, spontaneous event of compound ELMs in these plasmas. An example is shown in Fig. 10 in the case of a spontaneous ELM and a pELM. In both cases the spectrum is peaked at n = 1 before the ELM crash and the power spectral amplitude associated with components with n < 0 is about 100 times higher than that associated with positive toroidal mode numbers. In both cases an increase of the power spectral density associated with negative toroidal mode numbers is measured during a 0.2 ms window for the spectral components with frequencies larger than about 4 kHz. The apparent flattening of the spectrum for large positive and negative toroidal mode number values is mostly due to phase jumps that are measured close to the burst. Contrary to the case when the delay between ELMs is sufficiently long to allow an ETB to develop, when the delay after a spontaneous ELM is short, no clear toroidal mode number is measured for frequencies larger than 4 kHz. The measured magnetic perturbations have low degree of coherency and the toroidal mode number spectrum is peaked at n = 0. This is the case for both spontaneous and triggered events that follow the first, large amplitude event in a compound ELM. To summarize, pellets, when injected with a sufficient delay after a spontaneous ELM, to allow the plasma pressure profile to recover, trigger an MHD event that has spectral features similar to spontaneous ELMs that naturally occur in the same background plasma. A superposition of coherent modes with absolute values |n| < 10 is observed, with |n| progressively increasing within the 0.3 ms that precede the crash. The value at which P (n) is peaked also increases approaching the crash, although the peaking value does not necessarily coincide with the maximum measured |n|. The pellets injected during the Ohmic phase are already fragmented before entering the plasma, while the pellets injected during the L-mode plasma are intact. All these pellets trigger an MHD event, including those fragmented. The spectra of magnetic perturbations induced by the first pellet in L-mode are shown in Fig. 12 . A sawtooth precursor at ∼ 4 kHz and the subsequent crash at ∼ 22.515 s can be identified before the triggered event, while a coherent mode, with lifetime of 4 ms and frequency of 60 kHz, is detected right after. Similarly to triggered events in H-mode plasmas, the toroidal mode number spectrum exhibits two distinct components, one in the range of frequencies between 0.12 and 4 kHz, corresponding to scales log 2 (s j ) = [9, 14] , the other at higher frequencies. The toroidal mode number spectrum associated with the lower frequency components peaks at n = 1, 2, as shown in (c), similarly to what observed in the case of pellets injected in H-mode plasmas. The amplitude of magnetic perturbations, integrated over frequencies larger than 4 kHz, is shown in (d). It is qualitatively similar to the pMHD observed in H-mode plasmas, with rising time longer than decay time. Contrary to H-mode plasmas, the pELM component is not detected in this case. The amplitude of spectral components integrated over low frequencies is shown for comparison; it has constant amplitude during the phase of ablation. The apparent symmetry and the slow rising and decay times of this low-frequency component are mainly associated with the longer period of the associated modes. Pellets injected during the Ohmic phase are fragmented, with the larger fragments inducing magnetic perturbations over time scales of a few ms. The spectra of magnetic perturbations (not shown here) are similar to those of pMHD events in L-mode plasmas, with a low frequency and a high frequency component, although the degree of coherence is lower and a clear toroidal mode number cannot be identified in this case. 
Pellets injected in L-mode plasmas
Conclusions
Pellet-triggered MHD is a complex phenomenon, involving at least two time scales in H-mode plasmas. MHD perturbations associated with the pellet ablation effects occur over time scales of a few ms. This component, which we call pMHD, is present in all plasma backgrounds, including Ohmic, L-mode and H-mode plasmas. The magnetic perturbation spectrum of the pMHD can be ideally separated into two parts, one at lower frequencies, the other at higher frequencies, which contains approximately 25% of the total power spectral energy. Since the pMHD is always present and its is correlated in time with the duration of the pellet ablation phase, we infer that this component is directly associated with the pellet and is only weakly dependent on the background plasma parameters. A second component is observed only in H-mode plasma: it occurs over shorter time scales, typically 0.2-0.3 ms, and it is superposed on the pMHD. This component, which we call pELM, exhibits clear similarities with spontaneous ELMs that occur in the same background plasma. It has comparable duration, the magnetic perturbation spectrum extends from low to high frequencies, and the toroidal mode number spectrum exhibits a similar structure and evolution. The lower frequency components have low and positive toroidal mode numbers, while components above 4 kHz evolve from low to high values of |n|. Since only a small fraction of the pellet mass is ablated during these time scales, the pELM is likely to be insensitive to the pellet size and mass, but rather dependent on the pedestal parameters, as suggested by the similarities with spontaneous ELMs. The progression from low to high frequency observed in pELMs suggests that a pELM starts as a global, kink-like perturbation, which distorts the plasma and modifies the pressure and current profile locally, causing the excitation of modes with higher values of n. While pELM and pMHD are distinct at high frequencies, the separation is difficult for low frequency modes because of the errors in the measurement of spectra associated with the longer wave periods. While in L-mode and Ohmic phases the amplitude of low frequency component is constant over the total duration of the ablation phase, in H-mode plasmas it has a maximum in a time window centred on the ELM, of duration of about 0.5 ms, much shorter than the ablation phase. Since the toroidal mode number is similar in H-mode and L-mode plasma, it is possible that the initial perturbation induced by the pellet has the same nature, but that the background plasma parameters may have a role in its evolution at later stages. The study of the modified current and pressure profile induced by the pellet, combined with a linear MHD stability analysis are needed in order to understand whether and how the initial pMHD has a role in the triggering of the pELM.
Although the experiments analyzed so far have demonstrated the effectiveness of pellets in triggering ELMs with spectral features similar to spontaneous ELMs, a number of questions still remain unanswered. It is not clear, for example, why pellets injected in H-mode plasmas with isolated type-I or type-III ELM can trigger in some cases isolated pELMs and in other cases compound pELMs. Moreover, having found so far no quantitative differences between the toroidal mode number spectra of spontaneous type-I and type-III ELMs, it is not possible at this stage to conclude how pELMs compare with type-I and type-III spontaneous ELMs.
